Menaquinone-6 (2-methyl-3-farnesyl-farnesyl-1,4-naphthoquinone) and a methyl-substituted menaquinone-6 (2,[5 or 8]-dimethyl-3-farnesyl-famesyl-l,4-naphthoquinone) were the major isoprenoid quinones found in membrane preparations of Campylobacter jejuni and Campylobacter fetus subsp. fetus. By reverse-phase high-performance liquid chromatography (HPLC) and t hin-lay er chromatography (TLC) the faster-elu t ing menaquinone-6 co-c hromatograp hed with a menaquinone-6 standard. The identity of menaquinone-6 was confirmed by UV spectrophotometry, mass spectrometry and nuclear magnetic resonance (NMR) analysis. The slower-eluting methyl-substituted menaquinone-6 co-chromatographed with a menaquinone-7 standard by reverse-phase TLC but eluted between menaquinone-6 and menaquinone-7 standards by HPLC. The UV spectrum of the methyl-substituted menaquinone-6 did not correlate with either authentic menaquinone or demethylmenaquinone. Mass spectra showed an increase of 14 mass units when compared to menaquinone-6, and indicated that a methyl substituent was on the naphthoquinone nucleus. NMR spectra confirmed the presence of a methyl substituent at a peri position (carbon-5 or -8) on the benzenoid ring.
INTRODUCTION
Respiratory quinones are a class of isoprenoid lipids separated on the basis of structural differences into naphthoquinones and benzoquinones (Collins & Jones, 198 1) . Naphthoquinones can be further separated into two types, phylloquinones (2-methyl-3-phytyl-l,4-naphthoquinone), which are found predominantly in green plants and in bacteria (Collins & Jones, 198 1 ; Langemann & Isler, 1965) , and menaquinones (2-methyl-3-polyprenyl-l,4-naphthoquinone), which are widely distributed in nature.
Menaquinones of bacteria are lipophilic components of the cytoplasmic membrane which undergo reversible oxidation and reduction to form a quinone or hydroquinone, respectively (Kroger, 1980; Kroger & Dad'ak, 1969; Taber, 1980) . In bacteria they play important roles in the transfer of electrons in the respiratory chain (Bentley & Meganathan, 1982; Taber, 1980) , and may function in oxidative phosphorylation and active transport (Collins & Jones, 1981 ; Taber et al., 1981) . Menaquinones are also associated with the reduction of fumarate in microorganisms capable of using fumarate as a terminal electron acceptor (Kroger, 1980; Taber, 1980; Thauer et al., 1977) . Demethylmenaquinones (DMK) appear to be interchangeable with menaquinones for fumarate reduction, whereas ubiquinones are ineffective (Hollander, 198 1) .
In Campylobacter jejuni and C . fetus subsp. fetus, microaerophilic pathogens of man and animals (Smibert, 1981) , fumarate may serve as a terminal electron acceptor (Carlone & Lascelles, 1982) . Both species have low-and high-potential forms of cytochrome c and cytochrome b and an assortment of membrane enzymes including formate dehydrogenase and Fig. 1 . Separation of authentic menaquinone standards and menaquinones from membrane extracts of Campylobacter jejuni and Cfetus subsp.fetus. Reverse-phase thin-layer chromatograms were developed in methanol/acetone (50 : 50, v/v). The chromatographic identities of menaquinones in B and C were based on RF values observed on chromatograph A (authentic menaquinone standards, MK-3 to MK-10). B, menaquinones from membrane extracts of (a) C. jejuni and (b) C. fetus subsp. fitus. C, C. jejuni and C.fetus subsp.fetus menaquinones purified by HPLC : (a) MK-6 from both species were mixed and chromatographed, (b) authentic menaquinone standards MK-5, MK-6 and MK-7, and (c) methylsubstituted MK-6 from both species were mixed and chromatographed. Menaquinones were detected with 254nm UV light.
Nuclear magnetic resonance ( N M R ) spectra. Proton magnetic resonance spectra were recorded on a Bruker highresolution multinuclear spectrometer at 500 MHz. Samples were dissolved in acetone-d, with tetramethylsilane as an internal standard. Chemical shifts are reported in parts per million (p.p.m.) downfield from tetramethylsilane.
Protein determination. Protein was determined by a modification of the Lowry method with bovine serum albumin as the standard (Dulley & Greene, 1975) .
RESULTS
Separation of rnenaquinones with reverse-phase TLC. The system used to establish chromatographic identity clearly and reproducibly resolved unsaturated menaquinones MK-3 to MK-I0 (Fig. 1, A) ; no other authentic menaquinone standards were examined. Standard RF values decreased linearly as a function of increasing isoprene unit number, and the R, values ( x 100) were as follows: 82.7; 75.9 ; MK-5,68-5; 59.9; 50.0; 40.0; 30.2; 22 .2. Membrane extracts from C. jejuni and C. fetus subsp. fetus contained menaquinones that co-chromatographed with authentic MK-6 and MK-7 standards in the methanol/acetone solvent system (Fig. 1, B) and in the less polar methanol/isopropanol and the more polar methanol/acetonitrile solvent system. The identity of MK-6 extracted from membranes was verified for both organisms (details given below). In contrast, material identified chromatographically as MK-7 was found to be a methyl-substituted MK-6 (2,[5 or 81-dimethyl-3-farnesyl-farnesyl-1,4-naphthoquinone) with six unsaturated isoprene units. The methyl-substituted MK-6 appeared to be less polar than MK-6, as indicated by the lower RF value. Mixtures of purified MK-6 from C. jejuni and C. fetus subsp. fetus were separated and found to develop as a discrete spot (Fig. 1, C) ; this was also observed with mixtures of methylsubstituted MK-6. Separation ofmenaquiones by HPLC. Mixtures of authentic menaquinone standards (MK-4 to MK-9) were separated under isocratic conditions, and chromatographed as a function of isoprene unit number. All six menaquinone standards were separated within 25 min (Fig. 2) . No significant difference in selectivity or sensitivity was found when menaquinones were monitored at 269 nm (quinonoid absorbance) or 248 nm (benzenoid absorbance). Menaquinones from both C. jejuni and C. fetus subsp. fetus had elution times of 8.3 (MK-6) and 10-0 min (methyl-substituted *MK-6). Menaquinones were separated with a Waters C-18 reverse-phase radial compression cartridge using methanol/isopropanol (75 : 25, v/v; 2 ml min-l ) isocratically at room temperature. The eluent was monitored at 269 nm. Menaquinones MK-4 to MK-9 were resolved at the elution times of 4.5, 6-3, 8.3, 11.8, 16 .8 and 24.1 min, respectively. Bar, absorbance unit; I, injection point. Two major menaquinones, one which co-chromatographed with MK-6 and the other between MK-6 and MK-7 standards, were detected in both species of Campylobacter (Fig. 2) . The peak eluting at 8-3 min was verified as a MK-6, and the peak eluting at 10.0 min was verified as that of methyl-substituted MK-6 (2,[5 or 8]-dimethyl-3-farnesyl-farnesyl-1,4-naphthoquinone) with six unsaturated isoprene units (details given below). From the relative peak heights in Fig. 2 (a) it appeared that the two menaquinones extracted from C. jejuni were produced in approximately equal amounts (assuming that both menaquinones were extracted and separated with similar efficiencies), whereas C. fetus subsp. fetus had approximately five times more MK-6 than methyl-substituted MK-6 (Fig. 2c) . UV absorption spectra of memquinones. UV spectra of ethanolic solutions of menaquinone purified from Campylobacter were recorded at room temperature from 220 to 340 nm (Fig. 3) . Menaquinone-6 in C. jejuni was present at approximately 3.5 pmol (g membrane protein)-l , whereas in C . fetus subsp. fetus MK-6 was approximately 2.3 pmol (g membrane protein)-'.
The maxima for oxidized MK-6 and methyl-substituted MK-6 were at 242 and 248 nm (benzenoid absorbance) and 261 and 269 nm (quinonoid absorbance) (Fig. 3, solid lines) . Upon reduction (dashed lines), the MK-6 spectrum changed to one characteristic of a hydroquinone (substantial loss of absorption bands at 261 and 269 nm and increased intensity at 245 nm), whereas the methyl-substituted MK-6 spectrum appeared as an intermediate to that of the reduced MK-6 spectrum. The absorption loss at 261 and 269 nm was not complete, and there was little increase at 245 nm. Isosbestic points of the difference spectra for MK-6 were at 254 and 288 nm and for methyl-substituted MK-6 at 250 and 275 nm (Fig. 3, dotted lines) . The maximum absorbance decrease for both MK-6 and methyl substituted MK-6 occurred 2 min after reduction and remained constant for up to 1 h, Addition of more KBH, andfor acetate buffer, to ensure complete reduction of substituted MK-6, resulted in little change of the absorption.
Mass spectrometry. The molecular ions (M+) for MK-6 and methyl-substituted MK-6 were at mass-to-charge ratios (m/e) of 580 and 594, respectively (Fig. 4) . Fragmentation peaks for MK-6 (Fig. 4a) were at m/e 580 (M+), 511, 443, 375, 307, 239, 225 and 187. For methyl-substituted MK-6 (Fig. 4b) , peaks were Tat m/e 594 (M+), 525, 457, 389, 321, 253, 239 and 201. Fragmentation of the polyprenyl side chains showed the loss of the terminal isoprenyl unit (69 mass units) followed by successive losses of 68 mass units. Saturation of olefinic bonds within the side chain was not observed. In Fig. 4(b) R and R1 represent a methyl group and a proton, not necessarily respectively (details given below).
NMR spectroscopy. Table 1 and Fig. 5 summarize the data obtained from the 500 MHz proton NMR spectra of MK-6 and methyl-substituted MK-6.
DISCUSSION
Campylobacter jejuni and C . fetus subsp. fetus contained two respiratory quinones, a menaquinone-6 (2-methyl-3-farnesyl-farnesyl-1,4-naphthoquinone) and a methyl-substituted menaquinone-6 (2,[5 or 8]-dimethyl-3-farnesyl-farnesyl-l,4-naphthoquinone). Mass spectro- metry and NMR spectra of substituted MK-6 indicated that a methyl substituent was located on the naphthoquinone nucleus (C-5 or C-8) and that the polyprenyl side chain was unsaturated. To assign the methyl group it will be necessary to synthesize appropriate model compounds and to carry out NMR spectral comparisons. The NMR spectrum and chemical shift assignments of MK-6 (Table 1) corresponded to other menaquinone isoprenologues obtained by previous workers (Langemann & Isler, 1965 ; Thomson, 1971) . The menaquinones had almost symmetrically substituted naphthoquinone moieties so that the two peri aromatic protons (H-5 and H-8) had nearly the same chemical shifts as one another. The same situation also applied to the other two aromatic protons (H-6 and H-7). The spectrum of the methyl-substituted MK-6 (Table 1) was very similar to that of MK-6, except for the aromatic proton region, where there was only three protons instead of four. The splitting pattern of the aromatic protons in methyl-substituted MK-6 (Fig. 5) revealed that the substituent was a methyl group in a peri position on the aromatic ring. This methyl group caused a shielding of the three aromatic protons (HI, H2, and HJ, with the ortho proton (H3) the most shielded.
G . M . C A R L O N E A N D F . A . L . A N E T
The assignments of the aromatic protons were made on the basis of a large (7-5 Hz) ortho coupling constant in the signal of H, and HJ, and two such coupling constants in the signal of H,. In addition, the deshielded proton signal at 6 7.97 clearly corresponded to a peri proton, This was consistent with aromatic chemical shifts in MK-6 (Fig. 5 ) and the known shielding effects of a methyl group on aromatic protons (Jackman & Sternhell, 1969) . Also consistent with this assignment was the presence of a small (2 Hz) meta coupling of HI with H,. In the case of H,, the splitting was obscured by the presence of an expected long-range coupling to the methyl group (Jackman & Sternhell, 1969) . Because of the solvent (acetone-d,) used in the NMR measurement, the methyl group on the aromatic ring was not directly visible in the NMR spectrum of substituted MK-6. However, the evidence presented unambiguously defined the peri placement of this group, although a differentiation between the two peri positions was not possible .
The intermediate reduction observed with UV absorption spectrometry may have resulted from incomplete quinone reduction. Electron-donating groups such as methyl and hydroxy tend to stabilize the oxidized (quinone) form of the naphthoquinone nucleus relative to the reduced (hydroquinone) form (Streitwieser & Heathcock, 1976) . The electron-rich menaquinone, therefore, is not easily reduced and results in a lowering of the redox potential; the opposite effect is observed with electron-attracting groups. The methyl of substituted MK-6 (C-5 or C-8) probably stabilized the quinone and made it less easily reduced. This probably made the redox potential of substituted MK-6 lower than that of MK-6. A difference in redox potential may allow the menaquinones to participate in diverse cellular processes.
Separation of menaquinones by reverse-phase TLC is based primarily on the length and degree of unsaturation (Collins et al., 1980; Collins & Jones, 1981; Dunphy & Brodie, 1971) . However, when comparing RF values of MK and DMK having the same polyprenyl side chain length, the addition of a methyl group to C-2 of DMK results in a decreased RF value (Dunphy & Brodie, 1971) . In this study, the substitution of a second methyl group on C-5 or C-8 of MK-6 also decreased the RF value. With the solvent systems used for reverse-phase TLC, methylsubstituted MK-6 was not adequately separated from MK-7, whereas with reverse-phase HPLC, both were separated.
Menaquinone identity may be ambiguous when only reverse-phase TLC and UV spectrophotometry are used for identification. Additional techniques were required to characterize the novel quinone found in this study. Substituted MK-6 as well as other substituted menaquinone isoprenologues may, therefore, be more prevalent than reported to date, since many earlier studies have relied solely upon reverse-phase TLC and UV spectrophotometry. For accurate menaquinone identification, reverse-phase HPLC, UV spectrophotometry, mass spectroscopy and NMR analyses are needed.
Preliminary extraction and reincorporation experiments with C. jejuni and C. fetus subsp. fetus indicated that MK-6 and methyl-substituted MK-6 are obligatory components of the NADH : fumarate oxidoreductase system. An investigation of the hydrogen-fumarate and formate-fumarate oxidoreductase systems is in progress.
